There is a characteristic accumulation of mucoid material within testicular and dermal lesions in syphilis (1, 7, 15, 16, (24) (25) (26) (30) (31) (32) (33) (34) . This material has been tentatively identified as acidic mucopolysaccharide comprised of hyaluronic acid and chondroitin sulfate (7, 24, 25, 30, 32, 33) . Scott and Dammin (24) initially suggested that Treponema pallidum possesses hyaluronidase activity; the accumulated mucopolysaccharides were attributed to breakdown of host tissue. There are two other observations that support the possibility that T. pallidum contains hyaluronidase. First, during infection, some treponemes attain intracellularity (2, 27, 28) . Inasmuch as most tissue cells are enmeshed within ground substance material (3), it would be necessary for the organisms to penetrate the ground substance prior to entering the tissue cells. Second, the histological influences of hyaluronidase on normal tissue (4) are quite similar to the histopathology of the early stages of syphilis.
The previous report demonstrated an association between T. pallidum (Nichols strain) and acidic mucopolysaccharides at the surface of cultured rabbit testicular cells (11) . It was suggested that the treponemes specifically associate with acidic mucopolysaccharides within ground substance in vivo. The purpose of this report was to extend the previous findings and to de- termine whether T. pallidum exhibits hyaluronidase activity.
MATERIALS AND METHODS
T. pallidumL The organisms were maintained and harvested in tissue culture medium as previously described (9) . Incubation of treponemes was performed at 30 'C in an atmosphere of 2.5% oxygen-92.5% nitrogen-5% carbon dioxide (9) .
Tissue culture. Cultured cells derived from normal rabbit testes (13) were maintained in tissue culture medium as previously described (9) with the exclusion of glutathione, cysteine, and dithiothreitol.
Mucopolysaccharide assay. Acidic mucopolysaccharides react with acidified bovine serum albumin (acid BSA) to form a precipitate (17, 18) . To acidify the BSA, 1 ml of 10% BSA (wt/vol) in physiological saline was added to 0.4 ml of 2 N acetic acid (pH 4). The minimum amount of mucopolysaccharide detectable with this method should be approximately 8 jig/ ml (18) . Various concentrations of commercial preparations of hyaluronic acid and chondroitin sulfate were tested, and the results were in agreement with the previous findings (18) . The quantity of acidic mucopolysaccharides within a test suspension was assessed by acid BSA titration using twofold dilutions in saline until a precipitate was no longer detected. The previous dilution was then assumed to contain approximately 8jg of mucopolysaccharide per ml. As a control for this reaction, hyaluronidase was added. The inclusion of this enzyme in the reaction mixture prevented the formation of the precipitate (18 Tables 6 and 7 . Blood was removed 1 day prior to the experiment, and the sera were isolated and heat inactivated (56°C for 30 min) on the day of the experiment. Normal rabbit sera were obtained from rabbits that were rapid-plasma-reagin nonreactive.
Immunodiffusion These studies suggested that T. pallidum contained a mucopolysaccharidase. Ouchterlony immunodiffusion was used to assay for antibodies to mucopolysaccharidase that might develop during syphilitic infection. Sera were obtained from a number of different rabbits that had been injected intratesticularly with 2 x 107 to 6 x 107 treponemes. This inoculum produced a detectable orchitis within 9 to 11 days. Bovine hyaluronidase and streptomyces hyaluronidase (outer wells) were tested for reaction with syphilitic serum (center well). Precipitin lines to the serum developed with both enzymes, indicating the presence of antibodies to hyaluronidase within the syphilitic serum.
To assay individual serum samples, streptomyces hyaluronidase was placed in the center well and the rabbit serum samples were placed in the outer wells. Table 2 presents a survey of different sera isolated from 15 rabbits that had been injected intratesticularly with 2 x 107 to 6 X 107 treponemes for periods ranging from 6 to 720 days. Precipitin antibodies that reacted with hyaluronidase were detected only between day 10 and day 35 postinoculation. Precipitin antibodies were not detected in sample 12 from an immune animal that had been infected 120 days previously and challenged with 108 treponemes on day 90, or in sample 13 from an immune animal that had been infected 180 days previously and challenged with 108 treponemes on day 150. Precipitin antibodies were detected in sample 14 from a hyperimmune animal that had been infected 360 days previously and challenged nine times with 108 treponemes per challenge at 1-month intervals. Precipitin antibodies were also detected in sample 15 from a hyperimmune animal that had been infected 720 days previously and challenged 10 times with 108 treponemes per challenge at 2-month intervals. During these Ouchterlony studies, additional information was obtained. When hyperimmune (T. pallidum) serum was placed in the center well, and bovine hyaluronidase, freshly harvested treponemes, and streptomyces hyaluronidase were placed in consecutive outer wells, one line of identity occurred between the two enzymes and the treponemes. Besides indicating antibodies to the hyaluronidase in the hyperimmune serum, this also indicated the occurrence of hyaluronidase in the treponemal suspension. Similar experiments revealed the presence of hyaluronidase in a membrane filtrate of the treponemal suspension and in a treponemal suspension that had been heat inactivated. In addition, when high-speed centrifugation (12,000 x g for 30 min) was used to separate the organisms from the suspending medium, hyaluronidase was detected in both the supernatant fluid and the pelleted treponemes. Uninfected rabbit testicular tissue that was extracted in the identical manner used for infected testicular tissue also contained hyaluronidase.
The data in Table 2 Tables  3, 4 , and 5.
The rapid plasma reagin titers of these sera are shown in Table 3 . The occurrence of this antibody parallels syphilitic infection (23, 30) . The four animals injected with viable trepo- nemes were initially reactive on day 9 and remained reactive until day 62. Highest titers were observed on day 16 or day 32, and thereafter the titers declined. The serum samples from both control rabbits were nonreactive at each interval.
The data in Table 4 show the presence of precipitin antibodies to hyaluronidase. All serum samples from each of the four rabbits injected with viable treponemes were positive on day 9, day 16, and day 34. Precipitin antibodies to hyaluronidase were not detected in the serum samples from the two control rabbits.
All sera were also assayed for acidic mucopolysaccharides as demonstrated by the. acid BSA reaction (Table 5) . Serum from each of the four rabbits injected with viable treponemes contained 8 to 64 1Lg of mucopolysaccharide per ml on day 9; serum from two of the four rabbits contained 32 Ag of mucopolysaccharide per ml on day 16. Mucopolysaccharide was not detected in any other serum sample, including those from the two control rabbits.
The next experiments were performed to determine whether the antibodies to hyaluronidase interfered with enzyme activity. An uninfected rabbit was injected intramuscularly 10 Table 6 . In NRS, the mucopolysaccharide content decreased to less than 8,g/ml in 2 days. In IRS a similar decrease required incubation for 7 days. In the anti-Hase RS a similar decrease was observed after 3 days. In these experiments the motility of the organisms was quite similar in the NRS, IRS, and anti-Hase 'After 3 h of incubation with cultured NRT cells. 'Serum from one uninfected rabbit and from one immune rabbit that had been injected intratesticularly with 6 X 107 treponemes, then challenged intradermally seven times with 10" treponemes per challenge over a period of 1 year.
d Pooled serum from three uninfected rabbits and from three immune rabbits that had been injected intratesticularly with 6 X 107 treponemes, then challenged intradermally one to seven times with 10" treponemes per challenge over a period of 1 year.
with the reports of others concerning the heat lability of different hyaluronidases (4) .
A second observation implied that T. pallidum contains mucopolysaccharidase. In syphilis, reaginic antibodies that are detected by rapid plasma reaginic tests are related to the progress of infection (23, 30) . High titers occur when large numbers of organisms are present, and titers decrease as the healing process develops. The data in Table 3 indicate the progress of infection in the four test rabbits. The quantity of treponemes inoculated intratesticularly resulted in the development of an orchitis between day 9 and day 11. Yeagle et al. (N. Yeagle, C. Kalinka, S. Nakeeb, V. Wicher, and K. Wicher, Abstr. Annu. Meet. Am. Soc. Microbiol. 1978, B20, p. 17), using similar testicular inocula, demonstrated maximum numbers of treponemes within VOL. 24, 1979 on November 3, 2017 by guest http://iai.asm.org/ Downloaded from 266 FITZGERALD AND JOHNSON tissue on days 10 to 12; these numbers remained high until day 24, then decreased. Other reports (24, 32) also indicated significant reductions in treponemal numbers during the healing process.
Antibodies to hyaluronidase were detected in serum at times that paralleled the infection. The initial detection of antibody to hyaluronidase occurred 9 days postinoculation. These antibodies were evident until day 34. At this time, the healing process has reduced treponemal numbers, and correspondingly antibodies to hyaluronidase were not detected 62 days postinoculation. There are two related biological precedents. In certain streptococcal diseases, an increase in serum hyaluronidase occurs that parallels infection. This enzyme is produced by the streptococci, and antibodies to the hyaluronidase develop during the infection. Similar findings occur in certain staphylococcal infections.
That the hyaluronidase is of treponemal origin is further supported by the observations of the two control rabbits that were inoculated intratesticularly with either heat-inactivated treponemes or uninfected testicular extract. Unlike the animals infected with viable T. pallidum, serum from these two animals did not exhibit mucopolysaccharides or antibody to hyaluronidase during the 62 days of the experiment.
The observations within this paper can be applied to different areas of the syphilitic infective process. T. pallidum (Nichols strain) has an outer layer of acidic mucopolysaccharide (8, 37 ). This layer is partially comprised of either hyaluronic acid, a polymer of N-acetyl-D-glucosamine-D-glucuronic acid, or another closely related mucopolysaccharide that contains N-acetyl-D-glucosamine (9) . Since host-associated spirochetes lack the ability to synthesize N-acetyl-D-glucosamine (5), it is conceivable that T. pallidum must rely on an exogenous source of this compound. Thus, the organisms could break down long-chain mucopolysaccharides within host tissue via a mucopolysaccharidase, to provide material for their own capsular biosyntheses. In support of this possibility, the previous paper (11) achromatic staining, and rupture of endothelial cells with extravasation of blood into surrounding tissues (4) . Each of these specific changes is characteristically associated with the early stages of syphilitic histopathology (7, 16, 24, 25, 32, 33) . Furthermore, capillary vessel walls are comprised of endothelial cells that are joined together by ground substance mucopolysaccharide. The mucopolysaccharidase of T. pallidum would break down this material. The subsequent splitting apart of endothelial cells would result in extravasation of blood (hemorrhage) and entry of treponemes into the surrounding tissue. Thus, the organisms would have ready access to the relatively large concentration of ground substance mucopolysaccharide found perivascularly. This would explain the perivascular localization of T. pallidum within infected tissue (7, 16, 24, 25, 29, 32) .
Acidic mucopolysaccharides were present in serum of infected animals on days 9 and 16 postinoculation. This corresponds to the occurrence of maximal numbers of organisms within the infected testes (Yeagle et al., Abstr. Annu. Meet. Am. Soc. Microbiol. 1978, B20, p. 17). The mucopolysaccharides could be attributed to the breakdown of host ground substance with subsequent spillage into the bloodstream. Alternatively, serum mucopolysaccharides could result from excessive treponemal biosynthesis of capsular material. In support of the latter possibility, streptococcal infections are associated with increased serum mucopolysaccharides derived from their capsule of hyaluronic acid. Turner has observed that different strains of T. pallidum exhibit different degrees of virulence (30) . The only factor consistently identified with the more virulent strains is increased accumulation of mucoid material within lesions. If the findings within this paper can be extended to other strains of T. pallidum, it is conceivable that the more virulent strains may have increased mucopolysaccharidase activity.
Recent studies by Fitzgerald and Johnson (Br. J. Vener. Dis., in press) have suggested that treponemal mucopolysaccharides are immunosuppressive as demonstrated by reactivation of healing treponemal lesions. During syphilitic infection, a serum factor develops that is immunosuppressive as shown by interference with lymphocytic blast transformation (19, 20, 35) . If the mucopolysaccharides in the sera of syphilitic rabbits are of treponemal origin, they might be the specific factor within serum responsible for immunosuppression.
The observations within this paper may also apply to the healing process. If the outer layer of mucopolysaccharide on the surface of T. pallidum is required for survival, and if the orga-nisms elaborate mucopolysaccharidase to provide a source of substrates for this layer, then antibodies that interfere with mucopolysaccharidase activity could be important to the healing process. As shown in Table 6 , serum from an animal infected intratesticularly 15 days previously decreased the mucopolysaccharidase activity of the treponemes. This serum contained antibody to the mucopolysaccharidase. Treponemes from an orchitis that has developed a few days longer than optimal are actively motile, but do not survive well in vitro (10, 12) , and have decreased virulence (6) . The mucopolysaccharidase activity of these organisms might be limited by antibodies that develop at this time, resulting in defective capsule biosynthesis. Logan (21) and Wilkinson and Rayner (36) have shown that treponemes harvested from intratesticular infections on days 9 and 15, respectively, are coated with rabbit antibodies. These antibodies might be specific for the mucopolysaccharidase of the organisms.
The observations involving the attachment of T. pallidum to cultured mammalian cells were important. Similar attachment occurs in vivo (10). Fitzgerald et al. (10) postulated that treponemal attachment reflects a virulence determinant specifically associated with the disease process. A factor within immune rabbit serum blocks the attachment of T. pallidum to cultured cells; this may be directly related to the healing process (10) . The attachment blocking factor within immune serum was effectively absorbed by prior incubation with bovine hyaluronidase.
The site of treponemal attachment to the surface of cultured cells has been closely examined using scanning electron microscopy (8) . Attached treponemes were in close physical proximity to the cultured cell surface. No attachment organelles on the treponemes were observed, and the cultured cell surface was not morphologically altered at the point of attachment. The previous paper (11) demonstrated that attachment occurred through the interaction of the treponemes with acidic mucopolysaccharide on the surface of the cultured cells. It was suggested that one of the two receptor sites important to the attachment phenomenon was the cultured cell mucopolysaccharide. The observations within this paper apply to the other potential receptor site, the treponemal mucopolysaccharidase. Attachment may result from the interaction of the mucopolysaccharidase on the surface of T. pallidum with its substrate acidic mucopolysaccharide on the surface of the cultured cells. The ability of Streptococcus mutans to bind to cell surfaces and to aggregate provides a comparable precedent. Germaine and Schachtele (14) and Makusa and Slade (22) have demonstrated that attachment of streptococcal organisms is mediated through a streptococcal dextransucrase enzyme binding to dextran polymers.
The mucopolysaccharidase of T. pallidum might be the elusive "labile immunogen" responsible for the development of immunity in syphilis. Future experiments will focus on the isolation of this treponemal enzyme as the basis for an effective vaccine.
